Coastal seacliff erosion in California threatens property and public safety, whereas coastal beach erosion threatens the coastal tourism economy. While coastal rivers, seacliffs, and gullies supply the majority of littoral material to California beaches, the relative contributions of these sources are coming into question. These beach-sediment sources must be accurately quantified to formulate proper solutions for coastal zone management.
INTRODUCTION
Coastal cliff erosion is a serious problem, affecting 86% of the California coast (GRIGGS and SAVOY, 1985) . Erosion of seacliffs, often manifested in the form of episodic slope failures, threatens public safety as well as public and private property. Seacliff erosion, however, is also a source of sediment to the beach, the erosion of which is a threat to the coastal tourism economy. In San Diego County alone, coastal tourism contributes in excess of $200 million a year to the local economy. The problems associated with seacliff and beach erosion will only increase if projections of sea level rise, ranging from 9 to 88 cm by 2100 (IPCC, 2001) , become a reality.
The majority of littoral material supplied to California beaches comes from coastal rivers, seacliffs, and gullies. In Southern California, all of these sediment sources are episodic in nature, as demonstrated by the seacliff failure illustrat-ed in Figure 1 , which delivered 890 m 3 of coarse sediment to the littoral system almost instantaneously. In order to formulate proper solutions to the problems associated with coastal beach erosion, the relative sediment source contributions to the beach-sand budget must be accurately quantified. Past efforts to evaluate volumetric change of seacliffs and seacliff sediment yields have been accomplished using a variety of techniques, including aerial photographs and topographic maps (BEST and GRIGGS, 1991; BOWEN and IN-MAN, 1966; DIENER, 2000; ROBINSON, 1988) , empirical methods (EVERTS, 1990) , long-term cliff top erosion rates (RUNYAN and GRIGGS, 2003) , and softcopy photogrammetry (HAPKE, 2005) .
The objective of this paper is to evaluate the seacliff and gully littoral contributions using airborne LIght Detection And Ranging (LIDAR) for the Oceanside Littoral Cell during a relatively dry period between April 1998 and April 2004. LIDAR is a type of remote sensing used to collect topographic data. LIDAR sensors pulse a narrow, high frequency laser beam at the Earth's surface and record the reflection time and angle of each pulse. Advances in airborne LIDAR sur- veying allow accurate data to be collected over large areas. Successive surveys can be used to quantify volumetric change over time. Even though the available LIDAR data covers a much shorter time scale than other traditional methods (only a few years versus decades), its high resolution data yields quantitative estimates of the volume of total sediment liberated by the erosion process.
STUDY AREA
The Oceanside Littoral Cell, located in the San Diego County region (Figure 2 ), spans a 77-km stretch of coastline from Dana Point to La Jolla (INMAN and FRAUTSCHY, 1966) . The cell is categorized by narrow sand and cobble beaches backed by steep seacliffs cut into uplifted marine terraces. The majority of the Oceanside Littoral Cell contains both residential and commercial development on the cliff top, with the exceptions of the Camp Pendleton Military Reservation and San Onofre State Park. Steep cliffs characterize 70% of the study area, with occasional alternating lowlands at coastal river mouths and lagoons. A majority of the seacliffs are approximately 25 m in height (height range: 2-110 m), and are generally composed of two primary geologic units. The lower unit consists of lithified Eocene and Miocene mudstone, shale, sandstone, and siltstone sedimentary rocks (KENNEDY, 1975) . The upper unit is composed of unlithified Pleistocene terrace deposits. The lower unit is stronger and more resistant to erosion; however, both units are highly erodible, with long-term erosion rates of 8 to 43 cm/y .
The study area was divided into 10 sections based on general stratigraphy and major river incisions. The sections are shown in Figure 2 and described in Table 1 by the section boundary, cliff length within the section, average cliff height, percentage of beach-size sand in the cliffs, and the dominating erosional processes based on EMERY and KUHN'S (1982) seacliff classification ( Figure 3 ) and section designation.
In addition to quantifying the total volume of material eroded from the seacliffs during the study period, it is also of interest to estimate that portion of the volume that may remain on the beach. Very fine-grained sediments typically are not retained on the beach because of the high energy wave environment in this area. Therefore, it was necessary to determine the percentage of seacliff sediments that are large enough to remain in the littoral system. HICKS (1985) determined that there is a sediment size diameter boundary or ''littoral cutoff diameter'' that describes whether a sediment grain is of sufficient size to be retained on the beach. Sediments with a diameter larger that the littoral cutoff diameter are retained on the beach, whereas sediments with a diameter smaller than the littoral cutoff diameter are not. The littoral cutoff diameter for the Oceanside Littoral Cell has been evaluated at 0.06 mm (EVERTS, 1990) and 0.0875 mm (RUNYAN and GRIGGS, 2003) . The percentage of seacliff sediments larger than the littoral cutoff diameter (%LCD) has been previously estimated for sections of the Oceanside Littoral Cell by ROBINSON (1988) , USACE-LAD (1984) , EVERTS (1990), and RUNYAN and GRIGGS (2003) . Values from these previous studies were selected that best correlate with the section boundaries used in this study. The section between Carlsbad and Camp Pendleton (cov- Emery and Kuhn (1982) . 4 USACE-LAD (1984) . 5 Everts (1990) . Emery and Kuhn (1982) .
ering the City of Oceanside) was not included in this study. This section consists of heavily urbanized low-relief seacliffs, beaches, river mouths, and lagoons. In this section the bluff face has been either heavily armored or built upon with residential development. Therefore, the seacliffs in this section were assumed to not contribute significant amounts of beach sand to the littoral cell. The San Clemente and Data Point sections were analyzed, but were not included in any cellwide calculations. These sections are removed from wave action by the coastal railway and beach development, and therefore it is currently unclear whether sediment from these sections actually enters the littoral system. The Oceanside Littoral Cell receives waves from three primary sources: northern hemisphere swell, southern hemisphere swell, and local seas. Deep-water waves undergo a complex transformation because of island shadowing, refraction, diffraction, and shoaling before reaching the coastline. Waves that arrive at the coast provide energy, removing seacliff failure deposits and eroding exposed seacliffs at the base.
San Diego has a semiarid, Mediterranean climate characterized by mild, sometimes wet winters and warm, very dry summers (MILLER, 2005) . San Diego is also influenced by the El Niñ o Southern Oscillation and the Pacific Decadal Oscillation. Strong El Niñ o events are associated with anomalously high precipitation during the winter rainy season. The rainy season of San Diego begins in the fall and ends in the spring. For the purposes of this paper, we assume that the study period (April 1998 through April 2004) covers water years -2004 (i.e., October 1, 1998 , through September 30, 2004 . This is a reasonable assumption because negligible precipitation occurred between April and October 1998 and between April and September 2004.
BACKGROUND
Previous studies of the Oceanside Littoral Cell evaluated seacliff and gully sediment contributions to the littoral cell using topographic maps (ROBINSON, 1988) , empirical methods (EVERTS, 1990) , and long-term erosion rates (USACE-LAD, 2003; RUNYAN and GRIGGS, 2003) . A summary of results from these studies and others is shown in Table 2 . ROBINSON (1988) evaluated three sections using topographic maps from 1889 (scale 1:10,000) and 1968 (scale 1: 24,000): San Onofre, Camp Pendleton, and Torrey Pines. These sections covered approximately between 450 and 900 m from the coast inland. Elevation contours were digitized from the maps into X, Y, Z data and gridded into 8-m cells. ROBINSON (1988) 
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calculated the beach-sediment yield based on the %LCD in each section. EVERTS (1990) developed an empirical method to hindcast and forecast linear seacliff toe retreat rates for the Oceanside Littoral Cell. The average annual seacliff toe retreat rates were calculated based on the frequency probability of storm events and associated seacliff toe retreat. The linear toe retreat rates ranged from 1.5 to 9 cm/yr. The annual seacliff toe retreat rates were then used to calculate the natural annual seacliff beach-sediment contribution (i.e., excluding the effect of seacliff stabilization) to the littoral cell by using the following general equation:
where: Q s ϭ natural annual seacliff sediment yield L c ϭ length of seacliffs R l ϭ linear rate of seacliff retreat H c ϭ average height of seacliffs USACE-LAD (2003) also used the general form of Equation (1) to calculate the annual sediment yields for Solana Beach and Encinitas. The average seacliff top retreat rates estimated by USACE-LAD (2003) ranged from 7.6 to 37.0 cm/yr. This study assumed that the cliff top would retreat to create a more stable slope, and therefore the annual beach-sediment volumes were reduced by one-half to account for this equilibrium. Because shoreline protection reduces the amount of littoral material supplied to the beaches, the natural annual beach-sediment contributions were adjusted downward to account for the percentage of protective devices, thus resulting in the actual contribution. RUNYAN and GRIGGS (2003) calculated natural seacliff contributions to the Oceanside Littoral Cell using long-term (40-60 years) seacliff top retreat rates from both BENUMOF and GRIGGS (1999) and MOORE, BENUMOF, and GRIGGS (1998). These linear seacliff top retreat rates ranged from 10 to 20 cm/yr. Seacliff beach-sediment yields were then calculated using the general form of Equation (1). RUNYAN and GRIGGS (2003) calculated the annual gully volume by subtracting their natural annual seacliff beach-sand volume from Robinson's combined seacliff and gully annual beach-sand volume. RUNYAN and GRIGGS (2003) also calculated the actual annual seacliff volume by reducing their natural annual beach-sand volume based on the percentage of shoreline armoring in each section.
The surfaces of coastal terraces can provide beach-sand to littoral system by means of subaerial erosion and small stream transportation. The terrace degradation sediment yield was estimated by EVERTS (1990) at 4000 m 3 /yr for the Oceanside Littoral Cell. For the purposes of this study, terrace surface yields were assumed to be negligible in the overall sediment budget because of the dry study period and relatively low volume reported by EVERTS (1990) .
Rivers can provide a significant amount of beach-sand to the littoral cell. However, the natural average annual sediment load of California coastal rivers has been significantly reduced by the development of the coastal watershed through flood control and water storage dams (BROWNLIE and TAY-LOR, 1981; FLICK, 1993; GRIGGS, 1987; INMAN and BRUSH, 1973; INMAN and JENKINS, 1999; WILLIS, SHERMAN, and LOCKWOOD, 2002) . These studies indicate that the natural beach-sediment load of coastal rivers in the Oceanside Littoral Cell has been reduced by approximately one half. FLICK (1993) summarized several studies that estimate the actual long-term average annual coastal river beach-sediment flux to the Oceanside Littoral Cell at 112,000-203,000 m 3 /yr. A more recent study by WILLIS, SHERMAN, and LOCKWOOD (2002) estimates the actual beach-sediment flux at 101,000 m 3 /yr. It should be noted that the fluvial beach-sediment delivery to the littoral system is highly episodic in California. INMAN and JENKINS (1999) found that the average annual sediment flux during wet periods is five times higher compared to dry periods for California rivers, and that this episodicity is even more pronounced in Southern California. In fact, INMAN and MASTERS (2005) estimate the fluvial beachsand flux in the Oceanside Littoral Cell for dry and wet periods at 19,100 m 3 /yr and 293,000 m 3 /yr respectively, which is approximately a 15 times difference for wet and dry periods.
Based on the studies presented above, the total annual amount of beach-sediment contribution from all natural sources combined (rivers, seacliffs, gullies, and terraces) would appear to range from just over 350,000 m 3 /yr to nearly 550,000 m 3 /yr. Of this total, the contribution of seacliff erosion is on the order of 10 to 15 percent, which is in agreement with conventional wisdom, whereas gully erosion appears to be the most significant source of beach sediment. It should be noted, however, that the contributions of gullies noted in EVERTS (1990) and RUNYAN and GRIGGS (2003) are directly related to the initial estimates of ROBINSON (1988) . The data presented by ROBINSON (1988) is based on interpretation of old topographic maps and dominated by a limited number of extreme gully erosion events caused by altered drainage patterns associated with the construction of coastal highways in the Camp Pendleton and San Onofre sections. KUHN and SHEPARD (1984) documented several of these events, including the formation of a new canyon in the San Onofre section, which eroded landward 140 meters between 1968 and 1980, and Dead Dog Canyon in the Camp Pendleton section, which eroded landward 230 meters between 1932 and 1980. Below, we use airborne LIDAR data to quantify the combined contributions of seacliffs and gullies over the 6-year study period as an independent benchmark of the conventional wisdom, and then compare the LIDAR-developed contributions to estimates of river beach-sediment contributions for the study period.
METHODS

Topographic Change
In order to evaluate the topographic change of the seacliffs, two airborne LIDAR data sets were used that span a 6-year time period. The older data set was collected in April 1998 using NASA's Airborne Topographic Mapper (ATM, 1998) The potential error in the change grid can be primarily attributed to LIDAR measurement error, interpolation error, and vegetation. Error evaluation was done by computing the root mean square (RMS), which describes the average magnitude of change between the two data sets. Typical vertical RMS error for quantifying beach changes using airborne topographic LIDAR is 15 cm (SALLENGER et al., 2003) . This RMS value was not deemed to accurately quantify the error in this study, because it focused on high relief cliffs with partial vegetation in some areas. Therefore the RMS error was evaluated using a 400-m representative control section in Encinitas between Swami's and San Elijo State Beach. The control section consists of a partially vegetated slope and was assumed to have no significant change over the time period, because it was stabilized in 1960 using a rock revetment at the base, slope grading, and surface drainage control (KUHN and SHEPARD, 1984) . The vertical RMS for this section was calculated using Equation (3) (FEDERAL GEOGRAPHIC DATA COMMITTEE, 1998). RMS Z values were then calculated for each erosion grid. Statistical error for each section was calculated as a ratio based on the RMS Z of the control section, using Equation (4) (ZHANG et al., 2005) . Table 3 summarizes the RMS Z and percentage error for each section and weighted cell average.
Percentage Error ϭ RMS /RMS (4) Z(Control Section) Z(Seacliff Section)
Other error in the grids may have come from interpolating over sharp edges or vegetation. Aerial LIDAR typically does not capture over vertical surfaces such as seacaves or notches. Therefore, changes that occurred in these areas were not evaluated. Complete LIDAR coverage was not available for Las Pulgas Canyon and a small portion of the Torrey Pines section, and these areas were also not evaluated.
The total eroded volumes were calculated for each section by summing the volumes of negative cells less than the threshold value of Ϫ21 cm. Cells that showed erosion values between 0 and Ϫ21 cm were removed to compensate for possible grid interpolation error.
Gullies were clipped out of the erosion grids to quantify the eroded gully volume. Gullies were removed from the total seacliff eroded volume because, although they did contribute beach sediment to the littoral cell, they did not contribute to the eroded volume of the seacliff face. Gullies in each section were identified using the generated digital elevation models and aerial photographs. For this project, gullies were defined as areas where significant subaerial erosion occurred because of concentrated terrace runoff and piping. These included extensive gully networks, coastal ravines, and canyons. An example of a well-developed gully network is shown in Figure  5 . Subtracting the gully volumes from the total eroded volume in each section produced a seacliff erosion volume.
Areas that showed significant accretion and were determined to be landslide talus deposits were added to the eroded volume for correction. These volumes were added back in to the corresponding seacliff or gully section because they had not yet entered the littoral system. Talus deposits were identified as accretion areas found below significantly eroded ar- eas. These deposits typically conformed to the shape of alluvial fan deposits, and were found at the base of the seacliff or in the bottom of the gullies. Coastal construction that occurred during the study period also resulted in some accretion areas. These areas were separated from the talus deposits and were not added to the eroded volume. Corrections were also made in heavily vegetated areas by removing the cells.
The total eroded volumes of seacliffs and gullies were then reduced to quantify the contribution of beach-sand-sized material, based on the %LCD values from Table 1 . These volumes were then divided by the 6-year time span to produce average annual sediment volumes of beach-sand-sized material. Table 4 shows a section summary of total annual volumes and annual volumes reduced for %LCD. Section volumes were summed to quantify the average annual seacliff and gully beach-sediment contributions to the entire littoral cell. Note that the San Clemente and Dana Point sections were excluded from this calculation for reasons previously discussed. Table 3 . The weighted average of seacliff beach-sediment volume per length of cliff for the entire Oceanside cell was calculated based on the section seacliff length.
Seacliff Beach-Sediment Contribution and Retreat Rate
where: R vs ϭ volumetric rate of sand contribution per length of seacliffs V st ϭ total eroded volume from seacliffs L c ϭ length of seacliffs (including armored sections) T ϭ time span Figure 7 shows the actual average annual rate of seacliff face retreat for each section. The linear rate of cliff face retreat was calculated for each section based on Equation (1). This equation was rearranged to back-calculate the actual average annual rate of seacliff face retreat and is shown as Equation (6). A weighted average of seacliff face retreat for the entire Oceanside cell was calculated based on the section seacliff length. Error bars in Figure 7 were calculated based on the percent error values from Table 3 .
where: R l ϭ linear rate of cliff face retreat V st ϭ total eroded volume from seacliffs H c ϭ average seacliff height
The average section seacliff heights used in Equation (6) were evaluated by taking a profile parallel to the shoreline along the cliff using the ESRI ArcINFO (2004) profiler. The profiles were then averaged over the seacliff length to produce an average cliff height. These values are shown in Table 1.
The graphical representation of Equation (6) is shown in Figure 8 . The geometry of this figure shows that Equation (6) is independent of the slope angle. Note that Equation (6) describes the average rate of retreat over the entire cliff face. This does not represent the actual seacliff top or seacliff base rate of retreat.
Precipitation and Coastal River Beach-Sediment Contributions
The Oceanside Marina rain gauge (#046377) was chosen as a representative rainfall indicator for the cell. This gauge was selected because it is centrally located and has a 60-year record to compare past precipitation with that of the study period. Monthly rainfall amounts were obtained from the WESTERN REGIONAL CLIMATE CENTER (2005). Monthly precipitation values were added to obtain annual values for each water year, extending from October 1 to September 30 of the later year. The average annual rainfall at the Oceanside Marina is 25.7 cm based on water years 1954 to 2004. The annual precipitation during the study period is shown in Figure  9 . This figure shows that the study occurred during a relatively dry time period. Statistically, rainfall during the study time frame was 27% below average. The study period occurred between two heavy rain years, after the El Niñ o 1997-1998 event (46 cm Because this study spanned a relatively dry period, and given the episodic nature of California river sediment flux (INMAN and JENKINS, 1999) , the average annual fluvial beach-sediment contributions reported in the background section would be overestimates of the beach-sediment flux for the study time period. Therefore, it was required to estimate the beach-sediment flux for the dry study period so a proper comparison could be made to the seacliff and gully beachsediment contributions Initially, an attempt was made to calculate the sediment flux using annual river flows and sediment rating curves. Unfortunately, many of the flow data were not available during (Figure 3 ) and designation from Emery and Kuhn (1982) . the study time period. Therefore, the annual beach sediment for the study period was assumed to correlate with the dry average annual beach-sand flux reported by INMAN and MAS-TERS (2005) of 19,100 m /m-yr for the entire Oceanside Littoral Cell (Figure 6 ). Figure 7 shows that the linear rate of seacliff face retreat ranged from 3.1 to 13.2 cm/yr with a weighted average for the littoral cell of 8.0 cm/yr. The highest seacliff face retreat rates were found in the Del Mar, Solana Beach, and San Onofre sections, where rates were all greater than 10 cm/yr. Statistical error for each section ranged from 9.9% to 25.9%, with an overall weighted cell average of 16.0% (Table  3) . Figure 10 shows the estimated percentage of beach-sediment contributions from seacliffs, gullies, and rivers during the study period (excluding artificial nourishment). Seacliffs produced the majority of beach sediment at 67%, followed by gullies and rivers at 17% and 16% respectively. These percentages would likely change significantly during wet periods when all beach-sediment source volumes would increase appreciably, though how the relative volumes would change is not well understood. The average annual rate of river beachsediment volumes has been estimated at 101,000 to 203,000 m 3 /yr (FLICK, 1993; WILLIS, SHERMAN, and LOCKWOOD, 2002) . Even using the upper bound of these annual rates, the percentage of seacliff contributions is still significant. Increasing the seacliff yield marginally for more average climatic conditions and using recently evaluated average annual river beach-sediment yields of 101,000 m 3 /yr (WILLIS, SHERMAN, and LOCKWOOD, 2002) would put the seacliff beach-sediment contributions upwards of 50% of the beachsediment budget. This level of contribution from the seacliffs is supported by recent research by HAAS (2005) based on sediment provenance analysis of beach sand in the study area. beach sediment. It should be noted that even though subaerial processes dominated, marine erosion is important in controlling the rate of erosion. If wave action were not present, seacliff material would not be removed from the base of the cliffs, the cliffs would become relatively stable, and thereby the retreat rate would be reduced. This conclusion is supported by the fact that the rates of seacliff retreat for the Dana Point and San Clemente sections were two of the three lowest of the sections evaluated. These sections are removed from wave action, and therefore only subaerial processes are acting in these locations. Figure 12 compares the average annual beach-sediment yields from various sources calculated in this study and previous studies. During this study period, seacliffs yielded 76,900 m 3 /yr of beach sediment. This is significantly higher than the previously estimated rates of 32,000 m 3 /yr (EVERTS, 1990 ) and 42,000 m 3 /yr (RUNYAN and GRIGGS, 2003) . Given the dry period of this study, these results suggest that seacliff beach-sediment contributions may be higher than previously thought. Gullies yielded 20,000 m 3 /yr of sediment during the study period, which is significantly lower than rates reported in other studies. This is likely because of the episodic nature of gullying. Robinson's study covered a time period during which several severe gully events occurred as a result of altered drainage patterns associated with the construction of coastal highways. These large gully events did not compare in magnitude to any gully events in this study. We suggest that average annual gully beach-sediment contributions reported in previous studies should be reconsidered for future studies unless more severe gully events occur in the future.
DISCUSSION AND CONCLUSIONS
The seacliff face retreat rates ranged from 3.1 to 13.2 cm/ yr, with a weighted cell average of 8.0 cm/yr. These rates are at the low end of long-term rates ranging from 1.5 to 43.0 cm/yr EVERTS, 1990; RUNYAN and GRIGGS, 2003) . A comparison of seacliff retreat rates for the Oceanside Littoral Cell is shown in Figure 13 . Note that the long-term rates from previous studies represent the natural rate of cliff top (RUNYAN and GRIGGS, 2003) and cliff toe (EVERTS, 1990) retreat, whereas the rates calculated in this study represent the short-term actual cliff face retreat in the partially armored condition. Figure 14 shows how different studies measure the retreat of a seacliff and a comparison of the measured retreat for an idealized erosion sequence. This figure shows how it is critical to understand where the retreat is being measured and why retreat rates may not be directly comparable. This figure also shows how using the cliff face retreat measurement as described in this study averages the failure area over the cliff face, thereby removing some of the episodic nature of retreat measurements. Comparison of the retreat measurements through the retreat cycle shows that the three measurement techniques are not equal until the erosion cycle has been completed. It should be noted that the retreat rates calculated in this study were averaged over the entire cliff section, including armored areas. Therefore, the natural rate of retreat would be significantly higher in heavily armored sections. The relatively low rates found in this study are likely because of the partially armored condition and the dry climate study period.
A comparison of the average annual seacliff beach-sediment yields and cliff retreat rates from this study, EVERTS (1990) , and RUNYAN and GRIGGS (2003) reveals a discrepancy. Because all of these studies used the same general form of Equation (1), the retreat rates and beach-sediment volumes should correlate in size with one another. This is not the case; the beach-sediment volume calculated in this study is larger than that reported by RUNYAN and GRIGGS (2003) , yet the retreat rate of this study is smaller than RUNYAN and GRIGGS (2003) . The main reason for this discrepancy comes from the significant differences in cliff height used by this study and RUNYAN and GRIGGS (2003) .
Given the relatively short study time period and the episodic nature of cliff failures, it is difficult to make any longterm conclusions. The seacliff and gully beach-sediment contributions could be viewed as lower bounds, given the relatively dry climate of the study period. Nevertheless, the results of this study indicate that seacliff beach-sediment contributions are a significant beach-sand source in the Oceanside Littoral Cell. This study also suggests that the relative seacliff beach-sand contribution may be significantly higher because of a possible overestimation of annual gully beach-sand contributions for current conditions. This study also demonstrates that airborne LIDAR analysis can be used to quantify seacliff and gully beach-sediment contributions on a large scale. Further research should be conducted to quantify volumetric changes during wet periods. A comparison of dry and wet time periods could be used to quantify the episodic nature of seacliff retreat. Additional research should also be conducted to more accurately quantify the effects of marine versus subaerial erosion processes. Now that a baseline for the Oceanside Littoral Cell has been established, future airborne LIDAR scanning can be used to evaluate the longer term rates of seacliff erosion.
